Current steps attributed to resonant tunneling through individual InAs quantum dots embedded in a GaAs-AlAs-GaAs tunneling device are investigated experimentally in magnetic fields up to 28 T. The steps evolve into strongly enhanced current peaks in high fields. This can be understood as a fieldinduced Fermi-edge singularity due to the Coulomb interaction between the tunneling electron on the quantum dot and the partly spin polarized Fermi sea in the Landau quantized three-dimensional emitter.
The interaction of the Fermi sea of a metallic system with a local potential can lead to strong singularities close to the Fermi edge. Such effects have been predicted more than thirty years ago for the X-ray absorption and emission of metals [1] and observed subsequently [2] . Similar singularities as a consequence of many body effects are also known from the luminescence of quantum wells [3] . Matveev and Larkin were the first to predict interaction-induced singularities in the tunneling current via a localized state [4] which were measured experimentally in several resonant tunneling experiments [5] [6] [7] from twodimensional electrodes through a zero-dimensional system.
Here we report on singularities observed in the resonant tunneling from highly doped three-dimensional (3D) GaAs electrodes through an InAs quantum dot (QD) embedded in an AlAs barrier. These Fermi-edge singularities (FES) show a considerable magnetic field dependence and a strong enhancement in high magnetic fields where the 3D electrons occupy the lowest Landau level in the emitter. We observe an asymmetry in the enhancement for electrons of different spins with an extremely strong FES for electrons carrying the majority spin of the emitter. The experimental observations are explained by a theoretical model taking into account the electrostatic potential experienced by the conduction electrons in the emitter due to the charged QD. We will show that the partial spin polarisation of the emitter causes extreme values of the edge exponent γ not observed until present and going beyond the standard theory valid for γ ≪ 1 [4] .
The active part of our samples are self-organized InAs QDs with 3-4 nm height and 10-15 nm diameter embedded in the middle of a 10 nm-thick AlAs barrier and sandwiched between two 3D electrodes. They consist of a 15 nm undoped GaAs spacer layer and a GaAs-buffer with graded doping. A typical InAs dot is sketched in inset (a) of Fig. 1 , the vertical band structure across a dot is schematically shown in inset (b).
Current voltage (I-V ) characteristics were measured in large area vertical diodes (40 ×
µm
2 ) patterned on the wafer. In Fig. 1 we show a part of a typical I-V -curve with several discrete steps. We have demonstrated previously that such steps can be assigned to single electron tunneling from 3D electrodes through individual InAs QDs [8] consistent with other resonant tunneling experiments through self-organized InAs QDs [9] .
For the positive bias voltages shown in Fig. 1 the electrons tunnel from the bottom electrode into the base of an InAs QD and leave the dot via the top. The tunneling current is mainly determined by the tunneling rate through the effectively thicker barrier below the dot (single electron tunneling regime). A step in the current occurs at bias voltages where the energy level of a dot, E D , coincides with the Fermi level of the emitter, E F .
In the following we will concentrate on the step labeled (*) in Fig. 1 . Other steps in the same structure as well as steps observed in the I-V -characteristics of other structures show a very similar behavior.
After the step edge a slight overshoot in the tunneling current occurs consistent with other tunneling experiments through a localized impurity [5] or through InAs dots [7] . For low magnetic fields (B ≤ 9 T in our case, see graph for B = 9 T in Fig. 2a ) the size of the steps is very similar for both spins and about half of the size at zero field. Also the slight overshoot in the current as the signature of a Fermi edge singularity is similar for both spin orientations and comparable to the zero field case with an edge exponent γ < 0.05 for all magnetic fields B < 10 T.
The form of the current steps changes drastically in high magnetic fields where only the lowest Landau level of the emitter remains occupied. In particular, the second current step at higher voltage evolves into a strongly enhanced peak with a peak current of one order of magnitude higher compared to the zero-field case.
Following [11] we assume that g D is positive whereas the Landé factor in bulk GaAs is negative. This assumption is verified by the fact that the energetically lower lying state (first peak in Fig. 3 ) is thermally occupied at higher temperatures and can therefore be identified with the minority spin in the emitter. The strongly enhanced current peak at higher energies is due to tunneling through the spin state corresponding to the majority spin (spin up) in the emitter. The resulting spin configuration is scetched in the inset of Fig. 2a and will also be confirmed below by our theoretical results.
The shape of this current peak can be described by a steep ascent and a more moderate decrease of the current towards higher voltages. Down to temperatures T < 100 mK the steepness of the ascent is only limited by thermal broadening. The decrease of the current for V > V 0 is again described with the characteristic behavior for a Fermi-edge singularity,
where V 0 here is the voltage at the maximum peak current. However, along with the drastic increase of the peak current the edge exponent γ increases dramatically reaching a value γ > 0.5 for the highest fields.
A different way to visualize the signature of a FES is a temperature dependent experiment. As an example we have plotted the I-V -curve at B = 22 T for different temperatures in Fig. 3 . As shown in the inset the peak maximum I 0 for the spin-up electrons decreases according to a power law I 0 ∝ T −γ with an edge exponent γ = 0.43 ± 0.05. Such a strong temperature dependence is characteristic for a FES and allows us to exclude that pure density of states effects in the 3D emitter are responsible for the current peaks in high magnetic fields. As shown in Fig. 3 an edge exponent γ = 0.43 also fits within experimental accuracy the observed decrease of the current for V > V 0 .
It is not possible to extract the edge exponent for the minority spin directly from temperature dependent experiments. At high magnetic fields the observed increase of the current with increasing temperature is mainly caused by an additional thermal population of the minority spin in the emitter. The general form of the curve is merely affected by temperature. Therefore, the edge exponent can only be gained from fitting the shape of the current peaks.
A compilation of the edge exponents γ for various magnetic fields and both spin orientations is shown in Fig. 4 . For the data related to the majority spin two independent methods were used to extract γ. For the minority spin only fitting of the shape of the I-V -curves was used.
For a theoretical description of these effects we consider a 3D electron gas in the half space z < 0. In a sufficiently strong magnetic field B||ẑ all electrons are in the lowest Landau level. This defines a set of one-dimensional channels with momentumhk perpendicular to the boundary. This situation is different from the cases considered for scattering off point defects as in Refs. [1, 4] or for a 2D electron gas where the current is carried by edge 
Here Including level broadening changes B 1 to a slightly higher value. With the known field dependence of the Fermi energy in the quantum limit we can calculate the field for total spin polarisation 
. For large κ we obtain for the phase shift in the m = 0 channel δ 0 (k) ≈ −v 0 f (B)k/κ where
and v 0 ∼ (m * e 2 /h 2 κ)(κd) −2 up to a numerical factor. Similarly we obtain the integrated effect of the channels m > 0 in (1). In Fig. 4 This results in edge exponents γ > 0.5 which were measured and described theoretically. [15] In fact, one has to consider the change of this phase shift due to the increase in charge on the QD here. For the contact interaction considered here this is not essential. 
